Abstract Adsorptive separation of Pb(II) and Cu(II) using modified waste Lyocell fiber adsorbent was investigated in this research. The waste Lyocell fiber was functionalized through carboxymethylation of the hydroxyl moieties using sodium chloroacetate as modifying agent and was crosslinked with epichlorohydrin to provide water stability. The maximum equilibrium batch uptake in single metal system was 353.45 mg/g for Pb(II) and 98.33 mg/g for Cu(II), according to the Langmuir isotherm model. The adsorption rates were very fast and reached equilibrium within 3 and 5-10 min for Cu(II) and Pb(II), respectively. In competitive binary metal system, the uptake of Cu(II) largely decreased to 38.40 mg/g, and Pb(II) selectivity was observed. Elemental and functional characterization suggested that the adsorption proceeded by ion exchange between the adsorbent and metal ions. In a flow-through column system, adsorption followed by desorption aided in effectively eluting *260 mg of Pb(II) (out of *300 mg total adsorbed) from the Pb(II)-Cu(II) binary solution. Finally, the adsorbent was very effective in four successive adsorption-desorption cycles with over 99 % uptake and 94 % desorption efficiencies. The present study may provide an alternative option for waste fiber recycling and could be useful in recovering heavy metal ions from aqueous sources to complement their depleting reserves.
Introduction
Lead and copper are representative examples of a group of metals generally referred as heavy metals. They are among the list of metallic elements that are considered toxic to the environment and humans, especially on long-term exposure. They are classified as priority hazardous substances by various agencies including the Agency for Toxic Substances and Disease Registry (http://www.atsdr.cdc.gov/ SPL/; Dong et al. 2013; Ge et al. 2014) . They are found in the effluents from construction and mining industries, metal processing industries, lead batteries, pigments, printing products, and automobiles (Bailey et al. 1999; Ge et al. 2014; Liu et al. 2008) . When the effluents containing these metals are not well handled or treated before their disposal, they pose severe threats to the environment. Moreover, they may cause acute and chronic effects such as encephalopathy (brain dysfunction), nausea, vomiting, anemia, nephropathy (kidney disease), chalcosis of the eye, and metal poisoning (Huang et al. 2013; Nielen and Marvin 2008) .
Irrespective of the impacts of heavy metals, their tremendous industrial applications and endless uses cannot be overemphasized. For instance, copper is the third most widely used metal applicable in areas such as construction and electricity owing to its light weight and durability, and in transportation systems for its high ductility. Moreover, its malleability in alloys provides good acoustic properties to be applied in marine systems (http://www.usesof.net/ uses-of-copper.html). Lead is undoubtedly another important metal of industrial use, only surpassed by iron, copper, zinc, and aluminum. It is used in electrical batteries for vehicles, and its addition in alloys brings about the needed hardness and mechanical resistance to prevent abrasion (http://nautilus.fis.uc.pt/st2.5/scenes-e/elem/e08230.html; Ngah and Fatinathan 2010) . Lead also finds uses in radiation protection, welding, ammunitions, gasoline additives, and manufacturing sheets for roofing (Ngah and Fatinathan 2010) . Having realized only a finite amount of metals exist in the earth's crust, the natural reserves containing these metals are estimated to be exhausted in the next few decades because of constant tapping to meet industrial demands but with less efforts to replenish them after use (The National Academy of Sciences 1996) . Moreover, most researchers focus on the removal and disposal of these metals rather than their separation and recovery for reuse. However, if they could be separated and retrieved from industrial effluents or other aqueous sources for reuse, they could serve a good course in addressing both environmental safety and resource reclamation problems, and their continuous supply could be maintained to meet industrial demands.
Various techniques have been developed and used to retrieve target compounds from aqueous effluents. Among them is the adsorption technique which is widely used because of its feasibility and application potentials (Saleh and Gupta 2014; Imran and Gupta 2006; Imran 2014; Ding et al. 2012; Pillai et al. 2013 ). Adsorption as a metal remediation technique is usually credited with simplicity, cost-effectiveness, and eco-friendliness. Compared with other conventional methods, adsorption employs less harmful chemicals and does not produce chunk sludge after operation (Imran and Gupta 2006; Saleh and Gupta 2014; Demirbas 2008; Pillai et al. 2013 ). The adsorption technique helps to remove metal ions even in minute quantities, which is a challenge to other techniques (Imran and Gupta 2006; Saleh and Gupta 2014; Demirbas 2008; Kaewsarn and Yu 2001) . This process also permits selectivity of target metals and regeneration of metal-loaded adsorbents, which is useful for metal separation, recovery, and adsorbent reuse (Liu et al. 2008; Wu et al. 2005) . With the volumes of metal-containing effluents that industries need to treat on regular basis, it is always important to find adsorbents that can achieve high-rate removal in continuous flow systems. Several adsorbents have been developed and used to treat wastewater bearing various ionic pollutants (Saleh and Gupta 2014; Imran 2010 Imran , 2012a Ding et al. 2012; Pillai et al. 2013) . Recently, fibrous adsorbents have received special attention and have been unveiled to have fast metal removal kinetics, a property that permits greater part of their total metal uptake capacities to be realized in flow-through systems (Won et al. 2014) .
Furthermore, large amounts of textile fiber wastes are generated annually across the world. For instance in 2012, an estimated amount of 14.3 million tons of textile fiber wastes were generated in the USA alone, and out of this, only 15.7 % was recovered for reprocessing (http://www. epa.gov/wastes/conserve/materials/textiles.htm). This indicates that the remaining percentage of textile fiber wastes will go into waste streams, thus posing environmental issues. Conventional solid waste disposal methods such as landfill and incineration are limited by problems of price escalations, strict environmental regulations, leachate escapes, greenhouse gases, and water and ground pollutions, making textile fiber recycling a cost issue for the textile and fiber processing industries (Cunliffe 1996; Muthu et al. 2012) . Meanwhile, these waste textile fibers could be recycled into adsorbent materials with or without eco-friendly chemical modification techniques. The chemical modification could introduce high-affinity binding sites into the fiber matrices, thereby making them applicable to metal adsorption (Chang et al. 2011; Yang et al. 2011) .
Considering the aforementioned reasons, waste textile Lyocell fiber was selected as raw material to prepare chemically modified adsorbent via carboxymethylation process. Lyocell is manufactured from the naturally abundant wood cellulose. The Lyocell fiber is relatively thin and can be obtained very cheaply from textile/fiber processing residues; however, it contains no active functional groups for binding heavy metal ions. Carboxymethylation is an effective method for preparing adsorbents with high-affinity carboxyl groups, which are used in various applications including adsorption of heavy metal ions (Pushpamalar et al. 2006; Bediako et al 2015a) . By this process, the waste Lyocell fiber adsorbent was successfully prepared and applied to adsorption and separation of Pb(II) and Cu(II) from their aqueous mixtures. To gain pre-knowledge into the adsorption equilibrium behavior and binding mechanisms of the metal ions, batch adsorptions were first studied. Regeneration and reuse of the adsorbent were also investigated to assess its potential use over several adsorption cycles.
The study described in this paper was wholly carried out at the Division of Semiconductor and Chemical Engineering, Chonbuk National University (South Korea), between September 2014 and June 2015.
Materials and methods

Materials
The materials used in this study are listed as follows: Isopropyl alcohol (99.5 %), sodium chloroacetate (SCA, 98 %), and epichlorohydrin (ECH, 99 %) were purchased from Sigma-Aldrich Co., Korea; NaOH from Daejung Chemical & Metals Co. Ltd; methanol from SK Chemicals, Ulsan Korea; ethyl alcohol (94 %) from Duksan Pure Chemical Co.; and nitrate complexes of copper and lead from Junsei Chemical Co. Pre-consumer waste Lyocell strands of approximately 12 lm were received from a fiber processing company in Korea. Double-distilled water (DW) was used throughout the study in preparing solutions and washing samples when required.
Methods
Adsorbent preparation by carboxymethylation reaction
Carboxymethylation reaction (CMR) was carried out according to Williamson's ether synthesis (Pushpamalar et al. 2006; Tijsen et al. 2001) . In brief, aqueous NaOH (30 % w/v, 10 mL) was added to a solution of isopropyl alcohol and water (80:20 v/v), followed by addition of 3 g of Lyocell fiber strands. The solution containing fiber strands was placed in a multi-shaking incubator maintained at 45°C/160 rpm, and 10 g of SCA was added to start the CMR. The reaction was allowed for 5 h after which the fibers were taken and re-suspended in methanol to terminate the reaction. At this point, the fibers could not be washed in water as they were highly hydrophilic and susceptible to dissolution.
Crosslinking of the carboxymethylated adsorbent
To provide water stability, the resulted carboxymethylated adsorbent was crosslinked to prevent solubility because of its high hydrophilicity after the CMR. To do that, solid NaOH (5 g) was dissolved in 100 mL of ethyl alcohol measured into a 200-mL glass bottle, followed by addition of 20 mL ECH. The carboxymethylated fibers were then added, and the entire content was placed in a shaker at 45°C for 24 h. The crosslinked adsorbent was washed thoroughly with methanol, rinsed with distilled water to neutral pH, and freeze-dried to a constant weight. Scheme 1 shows the chemical reactions for carboxymethylation and crosslinking. To confirm that crosslinking was effectively achieved, both crosslinked and non-crosslinked fibers were placed in DW. After few hours (*6 h), the non-crosslinked fibers dissolved, while the crosslinked fibers were still intact.
Batch adsorption experiments
Stock solutions of Pb(II) and Cu(II) were prepared from Pb(NO 3 ) 2 and Cu(NO 3 ) 2 Á3H 2 O, respectively, and were diluted further into working solutions of different concentrations. Thirty milliliters (30 mL) each of the working solutions containing metal nitrates of Pb(II) and Cu(II) of known concentrations in the range of 10-1000 mg/L was added to weighed amounts of the prepared adsorbent (*0.03 g) for batch adsorption studies. The pHs of the solutions were adjusted with 1 M HNO 3 or NaOH whenever deviations were noticed. Adsorbent reusability study was performed by batch adsorption and desorption tests to evaluate the reuse potential of the adsorbent. For this, 200 mg/L of Pb(II) solution was used, and four cycles of adsorption and desorption were run. After each adsorption, the metal-loaded adsorbent was washed with DW before desorbing in 1 M HCl solution. The residual DW together with the acid solution containing desorbed metal ions was analyzed for Pb(II) concentration.
Column adsorption and metal separation
Column setup was run, and samples were taken at predetermined times from the column outlet for analyses. A borosilicate glass column (Omnifit Ltd., USA) of 1.0 cm diameter and 10.0 cm length was packed with 5 mL of the adsorbent weighing 0.46 g, and a mixed solution of Pb(II) and Cu(II) (*200 mg/L) was pumped from the bottom upward through the column using a peristaltic pump. Other experimental conditions used are as follows: initial pH = 5.10; final pH = 4.74; and flow rate = 1.4 mL/min. A 1 M HCl solution was used for desorption and was run through the column at the same flow conditions as in the adsorption process. The residual metals after the adsorption and desorption experiments were analyzed using an inductively coupled plasma spectrometer (Shimadzu, ICP-7510, Japan) after centrifugation, and samples were diluted when necessary. The metal uptakes after the ICP analysis were calculated by Eq. 1.
where q e is the equilibrium Cu(II) or Pb(II) uptake, C i and C e are, respectively, the initial and equilibrium concentrations in mg/L, V is the volume in L, and M is the dry mass of sorbent in g.
Adsorbent characterization (before and after adsorption)
The metal-loaded and unloaded adsorbents were freeze-dried and characterized using an SEM/EDX system and FTIR spectrometer. The surface morphologies and elemental peaks of the unloaded and loaded adsorbents were analyzed using a combined WDS/EDS scanning electron microscope, SEM (JEOL, JSM-6000 series WDS/EDS system, Japan). The surfaces of the samples were coated with Au before the analysis. FTIR analysis was performed using a PerkinElmer spectrometer (FTIR/NIR spectrometer) to confirm attachments between the metals and the adsorbent's active sites after adsorption. The FTIR spectra were measured in the wavelength band range of 4000-400 cm -1
.
Isotherm and kinetic models applied
To investigate the isotherm and kinetics of Pb(II) and Cu(II) adsorption in this study, three widely used isotherm models, namely Langmuir (1918) , Freundlich (1906) , and Redlich-Peterson (1959) (Mao et al. 2011; Pillai et al. 2013) . The pseudo-first-order model describes the adsorption in solid-liquid systems based on the adsorption capacity of solids by assuming one adsorbate to one adsorption site phenomenon (Boparai et al. 2011; Lagergren 1898) . The pseudo-second-order model describes the chemisorption kinetics from liquid solutions (Azizian 2004; Ho 2006; Lagergren 1898) . The model equations are expressed in their nonlinear forms in Table 1 . 
Affinity between adsorbent and adsorbate
Freundlich model q e (mg/g) Equilibrium adsorbate uptake
Pseudo-first-order model q 1 (mg/g) Equilibrium adsorbate amount
Amount of adsorbate adsorbed at any time
Pseudo-second-order model q 2 (mg/g) Equilibrium adsorbate amount
Amount of adsorbate adsorbed at any time k 2 (g/mg min) Second-order equilibrium rate constant
Results and discussion
Isotherm of single and binary metal solution systems
Adsorption isotherm represents the amount of materials adsorbed onto the surface of an adsorbent as a function of the materials present in solution at a constant temperature. It is used to estimate the maximum adsorption capacity of an adsorbent, and the affinity between the adsorbent and adsorbate, which determines whether the adsorption process is favorable or not (Basha et al. 2008; Febrianto et al. 2009; Ho et al. 2002; Mao et al. 2011) . The adsorption isotherm experiments in this study were conducted in single solutions of Cu(II) and Pb(II) at the respective pH values of 4 and 5 and in binary metal solutions at pH 4. These pH conditions were found suitable for effective adsorption of the two metals without precipitations, based on previous studies (Bediako et al. 2015b; Ge et al. 2014; Li et al. 2015; Liu et al. 2008) . From the present data, the maximum uptakes, affinities, and intensities of adsorption were estimated by fitting the data to the Langmuir, Freundlich, and Redlich-Peterson isotherm models (Table 1 ).
In the single metal solutions, the Langmuir isotherm model well fitted the experimental data. The three-parameter Redlich-Peterson model provided fittings similar to the two-parameter Langmuir model. The value of the RedlichPeterson model exponent, b RP , was close enough to 1, depicting a Langmuir adsorption isotherm. The Langmuir model's b value that relates the affinity between the adsorbate and adsorbent predicted a stronger affinity toward Cu(II). The Freundlich model could not adequately represent the isotherm data in this study; however, its higher n value for Cu(II) also strengthened the assertion that the binding affinity for Cu(II) was stronger and more intensive. A higher Pb(II) uptake (353.45 mg/g) was obtained, and the underlying reasons could be attributed to factors such as functional group charges, distribution coefficients (i.e., metal mobility in solution), and periodic properties (e.g., electronegativity) Liu et al. 2008; Sheng et al. 2007; Kaewsarn and Yu 2001) . Generally, higher electronegativity and easier mobility of metal ions in solution mean higher reactivity Liu et al. 2008; Sheng et al. 2007 ). The electronegativity and distribution coefficients of Pb(II) are greater, hence justifying its higher uptake. The fact that deprotonation of carboxyl binding sites increases with increasing pH also influenced the higher uptake of Pb(II) since it was done at a higher pH than Cu(II). For both metals, however, the uptakes increased initially and reached saturation at higher concentrations (Fig. 1a) . Similar adsorption trends were observed in several other studies involving heavy metal ions (Saleh and Gupta 2012a; Saleh 2015; Dong et al. 2013; Gupta et al. 2013; Liu et al. 2008 ). This suggests that at the initial lower concentrations there were sufficient binding sites to accommodate greater portions of the metal ions, but these sites got saturated with increase in metal concentrations so that no more metal ions could be attached at the higher concentrations. Adsorption studies in the binary metal systems were conducted at pH 4 in order to prevent precipitation, specifically copper (Bediako et al. 2015b ). Adsorption at lower concentrations appeared very competitive compared with those at higher concentrations where Pb(II) selectivity was observed. In order words, both Pb(II) and Cu(II) were almost equally adsorbed when their concentrations were lower (i.e., B100 mg/L), but as their concentrations increased, the competition for the occupancy of the limited binding sites became more intense and hence Pb(II) was preferentially adsorbed. This consequently led to an unusual isotherm shape for the Cu(II) adsorption in the Pb(II)-Cu(II) binary system. Thus, a sharp increase in the uptake of Cu(II) occurred at the beginning of sorption; however, a sudden fall was observed midway toward equilibrium (Fig. 1b) .
The effect of the isotherm shape can be used to predict the favorability of an adsorption process (Ho et al. 2002) . From the essential features of the Langmuir isotherm which best describes the present data, a dimensionless constant known as the separation factor or equilibrium parameter K R can be expressed by Eq. 2 (Hall et al. 1966; Ho et al. 2002) .
where K R is the dimensionless separation factor; C i is the initial concentration (mg/L); and b is the Langmuir constant (L/mg). For K R [ 1, the adsorption is deemed unfavorable; for K R = 1, the adsorption is linear; for 0 \ K R \ 1, the adsorption is considered favorable; and K R = 0 indicates that the adsorption is irreversible (Hall et al. 1966; Ho et al. 2002) . The K R values for Pb(II) and Cu(II) adsorptions in both the single and binary solutions were calculated and plotted as shown in Fig. 1c . The K R values indicated that the adsorption of both metals was more favorable at higher initial concentrations in both the single and binary systems; however, Cu(II) adsorption was more favorable than Pb(II) adsorption. With Cu(II) adsorption being more favorable, the reason for the preferential adsorption of Pb(II) in the binary system could therefore be explained by the displacement and repulsion mechanisms. Although Cu(II) adsorption was supposedly favored, Pb(II) exhibited greater inhibitory effects, especially at higher concentrations, such that it was able to push significant portion of the initially adsorbed Cu(II) back into the solution when the adsorption became very competitive. This phenomenon is consistent with that observed by Sheng et al. (2007) in the biosorption of Pb(II), Cu(II), and Cd(II) onto a marine algae, but is not in agreement with the adsorption of same metals using cellulose waste xanthate (CWX) (Bediako et al. 2015b ), iminodiacetic acid (IDA)-chelating resin , and diethylenetriamine (DETA)-functionalized adsorbent (Liu et al. 2008 ). In the previous study using cellulose waste xanthate (Bediako et al. 2015b ) and in the studies by Li et al. (2011) and Liu et al. (2008) using IDA-and DETA-related adsorbents, respectively, Cu(II) selectivity was observed. Notably, IDA, DETA, and xanthate all contain metal-chelating groups which form more stable complexes with Cu(II) than with Pb(II). As described in the sections ahead, ion exchange was the dominant mechanism of adsorption in this study. Unlike chelation, ion exchange does not form metal complexes, and so adsorbent-metal complex stability could not play a major role in the selective adsorption observed in this study. Extract from this phenomenon would indicate that the selectivity of metal ions adsorption largely depends on the functional groups present on/in the adsorbent, the metal-binding mechanisms (i.e., chelation or ion exchange), and the characteristics of the metal ions in solution.
The inhibitory effect of Pb(II) on Cu(II) could also be explained on the basis of other periodic properties of lead and copper. The valence electrons of lead exist comparatively far from the nucleus and are thus at higher principal quantum numbers and higher potential energies than those of copper (IUPAC 1997; Murrel et al. 1985; Partington 1921) . These properties depict high antagonism and high reactivity. Hence in the binary solution, Pb(II) could easily displace Cu(II) which could not compete with the strong antagonism induced by Pb(II), especially at higher concentrations. Owing to the uneven nature of the isotherm curve of Cu(II) in the binary solution, the two-parameter Langmuir and Freundlich models could not properly fit its data. As presented in Table 2 , the R 2 values were very low. In contrast, all the data fitted well to the three-parameter Redlich-Peterson model with high R 2 values.
Kinetics of single and binary metal adsorption
Kinetics represents the removal rate of adsorbates from the solution phase as a function of time. It estimates the time lapse between the initial adsorption and saturation (Azizian 2004) . The kinetic studies of single and binary metals were performed for 120 min within which samples were taken at predefined intervals and analyzed. The data obtained indicated that the metal adsorption rates in both systems were much faster, reaching equilibria in just *3 min and 5-10 min for Cu(II) and Pb(II), respectively. The relatively thin fiber sizes might have enabled the fast adsorption rates as the metal ions could easily access the binding sites which reside mostly on the surface of the adsorbent. The initial steep slopes confirmed the extremely fast binding rates, and this is particularly very essential in practical adsorption applications, where large amounts of effluents need to be treated within shorter time paces (Azizian 2004; Sheng et al. 2007 ). The slightly faster binding kinetics of Cu(II) than Pb(II) confirmed the earlier observation in the isotherm studies, portraying high affinity of the adsorbent toward Cu(II). However, the stronger inhibitory force offered by Pb(II) toward Cu(II) in the binary solution led to the drastic uptake decrease of the latter. The kinetics data were described by the pseudo-first-and pseudo-secondorder kinetic models and are summarized in Table 3 and Fig. 2 . The rate models closely predicted the equilibrium uptakes in both systems, however, with slightly higher precisions (higher R 2 values) in the single systems than in the binary systems. This observation was not unexpected because of the high competition among metal ions in the binary systems which adversely affected their adsorption trends and efficiencies.
Column adsorption and metal separation
To separate Pb(II) and Cu(II), a column adsorption followed by desorption was carried out. This process helped in effectively obtaining only Pb(II) solution after Cu(II) was fully desorbed within the first 5 min of desorption. In the column setup, 5 mL of solution was retained for every 3.57 min and discharged at the rate of 1.4 mL/min. During the adsorption, the Cu(II) uptake was very rapid, reaching breakthrough and exhaustion in shorter time just as it was observed in the batch adsorption studies (Fig. 3a, b) . The breakthrough and exhaustion times of Pb(II) were quite extended and showed higher cumulative uptakes (Fig. 4a,  b) . The breakthrough and exhaustion times were deduced from the plot of C out /C in verses time or bed number and were estimated as the time when the output metal concentration reached 10 % and exceeded 95 % of the input concentration, respectively. The cumulative uptakes were Metal Pseudo-first-order Pseudo-second-order estimated by integrating the changes in the metal concentrations over the adsorption time at constant flow rate and adsorbent weight. The integration is mathematically expressed by Eq. 3.
where q t (mg/g) is the metal uptake at time, t (min), C in (mg/ L) is the input metal concentration, C out (mg/L) is the output metal concentration at any given time, Q (mL/min) is the flow rate of the solution through the column, and M (g) is the dry mass of the adsorbent. Consequently, the cumulative uptakes of Pb(II) and Cu(II) were 312.66 and 98.84 mg/g, respectively. The separation of the metal ions was unachievable by adsorption; however, in the follow-up desorption step using 1 M HCl as the eluent, the separation was achieved. Within the first 5 min, all of Cu(II) (*100 mg) was desorbed along with a negligible amount of Pb(II), and soon after, only Pb(II) was detected at the column outlet until 180 min when equilibrium was reached. This was made possible as a result of the fast desorption rate of Cu(II), leaving behind only Pb(II). Consequently, *260 mg of Pb(II) was obtained at the end of the desorption process.
Regeneration and reusability evaluation of adsorbent
Adsorbents should be essentially regenerated without significant loss in efficiency in order to be applicable on practical scales. Thus, the reusability of the adsorbent was performed to test its efficiency. Figure 5 shows the efficiency of each of the four adsorption-desorption cycles in percentages, indicating that the adsorbent exhibited over 99 % adsorption efficiency even at the fourth cycle, out of which *94 % was desorbed. There were no traces of Pb(II) in the DW used in washing the metal-loaded adsorbent prior to desorption. This together with the negligible decrease in adsorption efficiency over the four cycles indicates that there was no leaching, and the adsorbent can be reused severally.
Elemental analysis, surface morphology, and mechanism of adsorption Figure 6 shows the results of SEM and EDX of the metalloaded and unloaded adsorbents. The unloaded adsorbent showed well-arranged fibers with very smooth surfaces; however, the metal-loaded fibers appeared shrunk with wrinkled surfaces. The size (thickness) of the fiber strands increased from *12 to *16 lm after the chemical modifications. From the EDX graphs, it could be observed that the Na peak in the unloaded sample disappeared after adsorption, while Pb and Cu peaks emerged in the metalloaded sample. This indicates that Na(I) was fully displaced in exchange for Pb(II) and Cu(II) during the adsorption, which also indicates adsorption by ion exchange (Scheme 2). Upon displacement of Na(I) ions, the carboxyl groups on the adsorbent become negatively charged and thus ready to attract the positively charged Pb(II) or Cu(II) ions (Scheme 2a). This mechanism also indicated that each metal species was trapped between the two carboxyl binding sites on the adsorbent as shown in Scheme 2b. Ion exchange has been identified as the dominant metal-binding mechanism in most studies involving carboxyl groups (Mitic-Stojanovic et al. 2011; Sheng et al. 2007 ). Apart from the ion exchange observed in the EDX spectra, the adsorption process was also studied by the FTIR spectra of the adsorbent before and after metal adsorption (Fig. 7) . FTIR spectra are widely employed in analyzing the presence of functional groups in/on adsorbent materials (Saleh and Gupta 2014) . In some cases, they are used to identify which groups are involved in the binding of target ions through peak alterations . Therefore, FTIR has been used in this study to identify the functional groups present on the prepared adsorbent and the groups involved in the metal-binding process. Before adsorption, the unloaded adsorbent showed very intense characteristic peaks such as strong -OH (3375 cm Pushpamalar et al. 2006; Bediako et al. 2015a; Yang et al. 2011; Saleh and Gupta 2012b) . After the adsorption, major peak shifts particularly the peak at 1592 cm -1 , representing carboxyl groups, was observed (Saleh 2011; Bediako et al. 2015a ). These peak shifts indicated the formation of coordinate bonds between the carboxyl binding sites and the metal ions. Therefore, the FTIR analysis also confirmed the assertion that Pb(II) and Cu(II) interacted through the negatively charged carboxyl groups of the adsorbent.
Comparison of adsorption performance
Several works have been reported on the application of different adsorbents to treat toxic pollutants in wastewater effluents (Saleh and Gupta 2014; Imran 2010 Imran , 2012a Ding et al. 2012; Pillai et al. 2013) . Some of the adsorbents showed promising prospects for large scale and commercial applications, while others may only serve research needs. It is thus important to compare the performance of newly developed adsorbents with existing ones so as to assess their competitiveness. In this regard, the performance of the prepared carboxymethylated Lyocell adsorbent was compared with some reported ones (Table 4 ). In the studies of Dong et al. (2013) using sulfonated cotton linters, only a maximum of 37.45 mg/g Pb(II) uptake was recorded even though the adsorption experiment was performed at a high pH value (pH 6). Furthermore, the performance of porous lignin xanthate resin showed relatively low performance in terms of Pb(II) uptake capacity and kinetics (Li et al. 2015) .
In the studies by Abudaia and co-workers where activated carbon was prepared from date stone, the affinity of the prepared adsorbent toward Cu(II) and Pb(II) was so low such that high adsorbent dose of 1 g/100 mL of the metal solutions was required (Abudaia et al. 2013 ). The uptakes were, however, very low although the studies were conducted at a higher pH of 6.5. Information on the stability of the above-reported adsorbents was not provided; however, the current adsorbent prepared by carboxymethylation and crosslinking is very stable and showed better performance in terms of uptake capacity, kinetics, and reusability.
Conclusion
This study was aimed to study the batch heavy metal adsorption properties of the adsorbent prepared via carboxymethylation and crosslinking of waste Lyocell fiber, and the separation of the metals in column. The batch adsorption studies indicated stronger affinity toward Cu(II) in both single and binary solutions; however, Pb(II) was selectively adsorbed in the Pb(II)-Cu(II) binary solution via displacement and repulsion mechanisms. Other underlying reasons were attributed to factors such as functional group charges, distribution coefficients, and periodic properties of the elements.
Step-wise column operation was used to effectively elute and separate Pb(II) from the Pb(II)-Cu(II) binary mixture. Four consecutive adsorptiondesorption cycles were found sufficient to prove that the adsorbent has a potential to be regenerated and reused. This study may provide waste fiber recycling alternative and help recover heavy metal ions from aqueous solutions in order to complement their depleting reserves and reduce their negative effects on the environment.
